McLain AB, Oster RA, Bamman MM. Heightened TWEAK-NF-B signaling and inflammation-associated fibrosis in paralyzed muscles of men with chronic spinal cord injury.
creased levels of proinflammatory cytokines in the skeletal muscle have been emerging as potential contributors to muscle insulin resistance (13, 14) , impaired oxidative metabolism (35, 36) , increased fibrosis (39) , and impaired regenerative capacity (27, 32) . Given that paralyzed muscle presents with extreme atrophy (11) , impaired muscle metabolism (16, 26) , and impaired regenerative capacity (1) shortly after SCI, it is important to consider the impact of skeletal muscle inflammation on these reported muscle pathologies.
Skeletal muscle inflammation involves several candidate cytokines and molecular pathways that appear to be shared across multiple chronic disease conditions. Tumor necrosis factor (TNF)-␣ and interleukin (IL)-6 are two major regulators of chronic inflammation in the muscle (38) . TNF␣ exerts its action on cells (via TNF receptor binding) primarily by upregulating transcriptional activity under the control of the transcription factor nuclear factor -light-chain-enhancer of activated B cells (NF-B), whereas activation of the IL-6 receptor by IL-6 binding initiates a JAK/STAT signaling cascade that upregulates the transcriptionally regulated program governed by STAT3. Both of these transcription factors upregulate many genes that encode proinflammatory cytokines and other inflammatory mediators (8, 17, 24, 27) .
TNF-like weak inducer of apoptosis (TWEAK), a member of the TNF superfamily, has also been identified as an important mediator of inflammation. Chronic elevation of TWEAK signaling in muscle promotes atrophy, metabolic dysfunction, and fibrogenesis (9, 12, 28, 29, 35, 36) . The TWEAK-TWEAK receptor (R) system mediates the activation of the NF-B signaling pathway, which leads to the increased expression of muscle RING finger 1 (MuRF1) and muscle atrophy F-box (atrogin-1), degradation of muscle proteins, including MyHC (39) , and repression of peroxisome proliferator-activated receptor-␥ coactivator-1␣ (PGC-1␣) levels in skeletal muscle (35, 36) . This leads to muscle atrophy (in catabolic conditions, disuse, unloading, and aging), reduced expression of several mitochondrial genes, reduced proportion of type I fibers, and increased proportion of type II fibers. Although TWEAK signaling has never been studied in the SCI muscle, the catabolic signaling targets MURF1 and atrogin-1 are shown to be upregulated in quadriceps muscle shortly after injury and downregulated [compared with able-bodied (AB) men] in the chronic stages of SCI (23) .
The TWEAK-TWEAK R system is also an important regulator of fibrosis in skeletal muscle (39, 40) . The TWEAK-TWEAK R axis promotes fibrogenic activities through its direct action on stromal cell types, thereby causing the accumulation of myofibroblasts. Moreover, the TWEAK-TWEAK R pathway regulates collagen gene expression. For instance, TWEAK R-knockout (KO) mice demonstrated significantly reduced levels of collagen I, III, and IV in the skeletal muscle. Despite the knowledge that TNF␣, IL-6, and TWEAK-TWEAK R-NF-B signaling pathways are influential in regulating skeletal muscle mass, metabolism, and fibrosis, surprisingly, no study has assessed their expression or associated intracellular signaling in the paralyzed muscles of individuals with long-standing SCI. Therefore, in the present study, we assessed skeletal muscle candidate genes and signaling proteins that are known to mediate inflammation and atrophy in resting vastus lateralis (VL) muscle biopsy samples taken from 11 men with long-standing SCI (Ϸ22 yr), with direct comparisons to VL samples from 11 healthy, AB men of similar age. In addition, based on the effects of muscle inflammation on promotion of skeletal muscle fibrosis, we assessed the degree of fibrosis between myofibers and fascicles in both groups. For further insight into the distribution and variability of muscle fiber size, we also analyzed the frequency distribution of SCI fiber size.
METHODS
Human subjects and tissue collection. Resting VL muscle biopsy samples from 11 men with SCI (injury levels: C5-T8; American Spinal Injury Association A and B; 22.4 Ϯ 10 yr postinjury, 49.6 Ϯ 10.0 yr of age) and 11 AB men (41.2 Ϯ 10.6 yr of age) were utilized for quantitative PCR, immunoblotting, and determination of fibrosis. Subjects were excluded for any medical or other health conditions that would be expected to affect testing (e.g., frank diabetes) or for which testing might be contraindicated (e.g., dystrophinopathy). The study was approved by the University of Alabama at Birmingham (UAB) Institutional Review Board. All participants gave written informed consent after hearing a thorough explanation of study procedures and risks and after having an opportunity to ask questions. Medications were recorded, and the only medication that was used in either group was anti-spasticity medication (Baclofen) in two of the SCI individuals. All muscle biopsies were performed before noon following an overnight fast.
Muscle biopsy. Muscle samples were collected from the VL before noon after an overnight fast. Briefly, biopsies were performed under local anesthetic (1% lidocaine) using a 5-mm Bergstrom-type biopsy needle under suction, as described previously (2, 27, 41) . Approximately 50 -70 mg of muscle for immunohistochemistry was mounted cross-sectionally and frozen in liquid nitrogen-cooled isopentane. The remaining tissue was snap-frozen in ϳ30-mg portions for biochemical assays.
Muscle protein and RNA isolation. Mixed-muscle protein lysate was prepared, utilizing established methods in our laboratory (2, 25) . Briefly, muscle samples (30 mg) were homogenized after a 15-min preincubation in 6 l/mg muscle of ice-cold lysis buffer with protease and phosphatase inhibitors and then centrifuged at 15,000 g for 40 min at 4°C. The supernatant was stored at Ϫ80°C until it was assayed for protein content using the bicinchoninic acid technique with BSA as a standard. Total RNA was isolated and further purified from frozen muscle samples (30 mg) using Tri-Reagent (Molecular Research Center, Cincinnati, OH) and RNeasy Mini Kits (Qiagen, Valencia, CA), respectively, following the manufacturer's instructions. RNA quantity and quality were determined using a spectrophotometer (NanoDrop ND-1000; Thermo Scientific, Rockford, IL) to measure absorbance at 260 nm and the 260:280 ratio.
Quantitative RT-PCR. Skeletal muscle transcript levels for eight target genes known to be involved in muscle inflammation and/or protein breakdown were measured using quantitative RT-PCR (StepOne System; Applied Biosystems, Foster City, CA). cDNA was synthesized via reverse transcription using the SuperScript VILO cDNA Synthesis kit (Invitrogen, Carlsbad, CA). Specific mRNAs of interest quantified via Taqman Gene Expression Assays (Applied Biosystems) included the following: IL-6 (Hs00985639_m1), IL-6R (Hs00794121_m1), TNFA (TNF␣; Hs00174128_m1), TNFRSF1B (TNF-␣R Hs00153550_ m1), TNFSF12 (TWEAK; Hs00356411_ m1), TNFRSF12A (TWEAK R= Fn14; Hs0017993_m1), TRIM63 (MURF1, Hs00822397_m1), and FBXO32 (ATROGIN-1, Hs01041408_ m1). GAPDH (Hs02758991_g1) expression served as internal control; its expression was not significantly different between groups. All samples were run in triplicate. Relative amounts of target mRNA (i.e., ⌬C T values) were determined using the comparative threshold cycle method (37) via StepOne software version 2.2.2 (Applied Biosystems), and the results are shown as the relative fold difference (i.e., 2 Ϫ⌬⌬CT ) compared with AB individuals.
Immunoblotting. Based on gene expression results (see Fig. 1 ), immunoblotting of muscle protein lysate was performed to examine protein signaling associated with the TNF and TWEAK pathways. Thirty-five micrograms of mixed-muscle protein lysate were resolved on 4 -12% SDS-PAGE gels and transferred to PVDF membranes, as we have described previously (25, 41) . Equal loading was verified on Ponceau S stained membranes before any antibody (Ab) treatments. All gels contained samples from both AB and SCI subjects loaded in series. Primary Abs were purchased from Cell Signaling Technology (Danvers, MA) and used at 1:1,000 dilution in 5% goat serum (monoclonal Abs) or 2% milk ϩ 2% BSA (polyclonal Abs) against the following: NF-B p50/p105 (no. 3035), phosphorylated (Ser 536 ) NF-B p65 (no. 3031), and TNF receptor-associated factor (TRAF)6 (no. 8028). In addition, 1:500 dilution in 2% milk ϩ 2% BSA against TWEAK R/Fn 14 (no. 4403) was utilized. Horseradish peroxidaseconjugated secondary Abs were used at 1:50,000, followed by chemiluminescent detection (SuperSignal West Femto Chemiluminescent Substrate; Thermo Scientific), in a Bio-Rad ChemiDoc imaging system, with band densitometry performed using Bio-Rad Quantity One software (version 4.5.1). Parameters for image development in the ChemiDoc were consistent across all membranes using predefined saturation criteria for the charge-coupled device camera, as described previously (2) .
Determination of skeletal muscle fibrosis. The degree of fibrosis between myofibers and fascicles was assessed as we described recently (20) using a lectin [wheat germ agglutinin (WGA) conjugated to Texas Red; Invitrogen W21405]. Texas Red WGA binds to sialic acid and N-acetylglucosaminyl residues and, therefore, reveals primarily collagen content in the extracellular matrix. Briefly, 6-m sections were fixed for 20 min at room temperature in 3% neutralbuffered formalin, washed for 3 ϫ 5 min in 1ϫ PBS, incubated in Texas Red WGA (1:50 in 1ϫ PBS) for 1 h at room temperature, washed again (3 ϫ 5 min in 1ϫ PBS), mounted, and stored protected from light at Ϫ20°C. Adobe Photoshop CC 2014 (Adobe Systems Incorporated, San Jose, CA) was utilized for measuring the areas positive for WGA. A stitched grid of ϫ10 pictures encompassing the entire sample was analyzed (total myofiber no./sample SCI ϭ 862 Ϯ 140, AB ϭ 1,021 Ϯ 70).
Determination of type-specific muscle fiber size. Our laboratory routinely assesses myofiber type distribution and type-specific myofiber size via myosin heavy chain isoform immunohistochemistry and has published these methods previously (21, 22) . The relative distributions of myofiber types I, IIa, and IIax/IIx were determined immunohistochemically and published elsewhere (44) . As in the previous report, because the IIax hybrid population was very high in SCI muscle, we collapsed IIax and IIx myofibers into one group here. For cross-sectional area (CSA) measurements, at least 50 myofibers of each type were randomly selected and manually traced along their laminin-stained borders. SCI samples contained an insufficient number of type I myofibers for accurate fiber size determination. Mean fiber area was computed as the weighted average CSA (weighted by %distribution of each type). In addition, within-subjects myofiber size heterogeneity for type IIa and IIax/IIx myofibers was expressed as coefficient of variation (CV%).
Statistical analysis. Results are expressed as means Ϯ SE for muscle signaling and fibrosis and mean Ϯ RQ (2 Ϫ⌬⌬CT ) minimum and maximum for gene expression. Differences between SCI and AB individuals were compared using the two-group t-test. Relationships between variables were examined using Pearson correlation analysis. Analysis of histogram data for CSAs of type IIa and IIax/IIx myofibers, i.e., testing whether the distribution of a variable is the same across different groups (SCI and AB), was performed using the two-group Kolmogorov-Smirnov test. All statistical tests were twotailed and were performed using a significance level of 5%. Statistical analyses were performed using SAS version 9.4.
RESULTS
Chronic SCI muscle shows heightened TNF␣ and TWEAK-R gene expression. Skeletal muscle expression of target genes [IL-6, IL-6R, TNF␣, TNF␣ receptor 1B, TWEAK, TWEAK R (Fn14), atrogin-1, and MuRF1] is shown in Fig. 1 . Muscle TNF␣ receptor mRNA was approximately twofold and TWEAK-R eightfold higher in SCI vs. AB (P Ͻ 0.05). For the remaining targets, muscle mRNA levels were not different between groups.
Chronic SCI muscle shows heightened NF-B signaling and fibrosis. The total levels of TWEAK-R, NF-B p50 and p105, TRAF6, and phosphorylated levels of NF-B p65 and representative blots are shown in Fig. 2 . TWEAK-R protein was 54% higher and NF-B p65 phosphorylation 73% higher in SCI vs. AB muscle (P Ͻ 0.05). No other protein levels were different between groups. In addition, there was no significant correlation between TWEAK-R protein level and NF-B p-p65 for the SCI (r ϭ Ϫ0.25, P ϭ 0.47; n ϭ 11) or AB group (r ϭ Ϫ0.16, P ϭ 0.65; n ϭ 11). As shown in Fig. 3 , we found a significant difference in muscle fibrosis (i.e., %area positive for WGA) among groups. SCI muscle showed ϳ50% more fibrosis (P Ͻ 0.05); however, there was no significant relationship between levels of fibrosis and levels of genes of interest or between levels of fibrosis and levels of proteins of interest (P Ͼ 0.15 for all correlations) for SCI or AB (P Ͼ 0.07 for all correlastions).
Greater myofiber size heterogeneity in SCI muscle. Surprisingly, we found no significant group differences in CSAs of type IIa or IIax/IIx myofibers (IIa: 4,955 vs. 5,960 m 2 ; IIax/IIx: 4,706 vs. 4,920 m 2 in SCI vs. AB, respectively). It was not possible to compare type I CSA between groups due to an insufficient number of type I myofibers in SCI muscle [see Yarar-Fisher et al. (44) ]. Mean fiber area, which takes into account this small number of type I myofibers in SCI, was also not different among groups. On the other hand, greater withinsubjects myofiber size heterogeneity (P Ͻ 0.05) was noted in SCI vs. AB for both type IIa (49 vs. 32 CV%) and type IIax/IIx (56 vs. 39 CV%) myofibers. Myofiber size histograms for the two groups shown in Fig. 4 represent all of the myofibers assessed for CSA within each group. Comparisons of the histograms for type IIa CSA and for type IIax/IIx CSA (SCI and AB) myofibers did not yield statistically significant results (P Ͼ 0.20 for all comparisons); however, the histograms show a leftward shift in SCI for all type IIa and type IIax/IIx myofibers Ͻ8,000 m 2 , which is indicative of atrophy.
DISCUSSION
Comparing skeletal muscle proinflammatory/atrophy gene expression, signaling, and the degree of fibrosis in males with chronic SCI vs. healthy, AB men of similar age, the major findings of this study include a marked upregulation of muscle TWEAK R and TNF␣R gene expression and TWEAK R protein content coupled with greater TWEAK-TWEAK R-NF-B signaling, fibrosis, and myofiber size heterogeneity in SCI compared with AB controls. The widely disparate myofiber sizes in SCI resulted in no statistically detected mean myofiber atrophy compared with AB, but a leftward shift in the size histograms for all myofibers Ͻ8,000 m 2 suggests primarily atrophy counteracted by compensatory hypertrophy of a minority pool of myofibers. Fig. 2 . Effects of long-standing SCI on skeletal muscle TWEAK-Fn14-NF-B signaling. A: shown are the abundance of total levels of TWEAK R, NF-B p50 and p105, TNF receptor-associated factor 6 (TRAF6), and phosphorylated levels of NF-B p65. Dot plot represents the complete data set, and median values are indicated by central rectangles; n ϭ 11. B: representative immunoblots for studied proteins in VL muscle of 11 SCI vs. AB individuals. Quantification of band intensity is printed below each band. AU, arbitrary units; NF-B, nuclear factor -light-chain-enhancer of activated B cells.
TWEAK is a member of the TNF superfamily of cytokines and an important stimulus for the activation of NF-B signaling in skeletal muscle (39, 40) . TWEAK R, the smallest member of the TNF superfamily, has been identified as the unique TWEAK R (28, 31, 35) . TWEAK R contains a TRAF binding site (9) , which leads to downstream signaling and NF-B transcriptional regulation upon stimulation by TWEAK. TWEAK R is expressed at low levels in healthy tissues, and its expression significantly increases in response to injury, aging, disuse (40) , and acute resistance exercise (33). Short-term TWEAK-TWEAK R activation promotes tissue repair and regeneration following an acute injury; however, during chronic injury or disease conditions, sustained TWEAK-TWEAK R activation may drive these responses toward a pathological remodeling in the muscle in which healthy tissue is replaced by fibrotic tissue (15, 39, 40) . TWEAK-TWEAK R signaling promotes fibrogenic activities via increasing accumulation of fibroblasts (31, 42) and/or increasing collagen gene expression (Col1a1 and Col1a2) (30, 31) in skeletal muscle through its activation of inflammatory signaling pathways. For example, ablation of TWEAK R decreases fibrosis and expression of collagens in skeletal muscle of mice during aging (40) . Our findings of higher fibrosis (Fig. 3A) and upregulation of NF-B signaling (via phosphorylation of NF-B p65), in conjunction with higher TWEAK R protein in the SCI muscle ( Fig. 2A) , are consistent with the idea that TWEAK-TWEAK R-NF-B signaling likely mediates fibrosis in chronically paralyzed muscle. In addition to the effects of TWEAK-TWEAK R on muscle fibrosis, TWEAK is an important regulator of skeletal muscle fiber type distribution. Previous studies have demonstrated that transgenic overexpression of TWEAK in mouse models leads to a marked reduction in the proportion of type I fibers with a concomitant increase in type II fibers in both soleus and extensor digitorum longus muscle (28, 36) . In addition, TWEAK-KO mice were present with higher type I, IIa, and mitochondrial content (36) . Our data support this finding. Previously, we (44) showed that individuals with SCI had a predominance of IIax/IIx myofibers and far fewer type I fibers than AB individuals, and here we report eightfold higher TWEAK R gene expression, as well as higher TWEAK R protein levels, in the SCI muscle.
In addition to TWEAK R, TNF␣R gene expression was higher in SCI vs AB muscle. TNF␣ and TWEAK are known to exert affects via activation of both canonical and noncanonical NF-B pathways in response to many stimuli, including aging and denervation (10, 24) . Activation of NF-B-regulated gene transcription causes muscle atrophy via increasing the components of the ubiquitin proteasome system, including the E3 ligases MuRF1 and atrogin-1 (7, 12, 24) . Although higher NF-B signaling was evident in the SCI group (Fig. 3) , we did not find any differences in either MuRF1 or atrogin-1 expression among groups (Fig. 1) . This may be due to a plateau in skeletal muscle atrophy in this chronic (Ն20 yr) SCI group such that a heightened compensatory anabolic state may exist for off-setting elevated protein degradation (3, 23) . Our previous work partly supports this hypothesis, as we found that pathways (via phosphorylation of p70 S6 kinase and ribosomal protein S6) that favor net protein synthesis/hypertrophy were hyperactivated even 22 yr after the injury (43) . TWEAK also inhibits the activity of the phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathway, which further bolsters the robust catabolic action of TWEAK on skeletal muscle; however, we previously showed in the same set of subjects that SCI muscle sustains the ability to activate the PI3K/Akt pathway in response to muscle contractions (44) . In fact, there is a higher basal activation of Akt in SCI vs. AB muscle. This compensatory state may have neutralized some of the effects of NF-B on muscle atrophy and shifted the effects of upregulation more toward fibrosis.
In addition, our previous findings (44) from the same set of subjects demonstrated markedly impaired whole body insulin sensitivity (despite similar fasting glucose), impaired muscle signaling for glucose utilization, and markedly low glucose transporter 4 levels in SCI. This impairment, when combined with higher inflammation, fibrosis, and the transformation of skeletal muscles from a slow oxidative to a fast glycolytic phenotype, may play an important role in muscle insulin resistance and type 2 diabetes associated with SCI. Therefore, our studies are underway to determine the potential role of heightened muscle inflammation in metabolic disturbances among individuals with SCI. Higher TWEAK R in SCI muscle may also cause impaired oxidative metabolism, as recent animal studies (18, 36) have demonstrated that TWEAK inhibits skeletal muscle oxidative metabolism via activating the NF-B signaling pathway, which represses PGC-1␣ levels in skeletal muscle. For example, TWEAK KO mice present with higher skeletal muscle mitochondrial content and oxidative phosphorylation capacity via increasing PGC-1␣ levels compared with wild-type mice. Although we did not measure muscle oxidative metabolism in the present study, previous work in human chronic SCI muscle has shown that oxidative metabolism is reduced to a similar extent as seen in people with mitochondrial myopathies and heart failure (26), which we now suggest may partly result from higher TWEAK R. Surprisingly, we did not find significant group differences in fiber type-specific (IIa and IIax/IIx) myofiber size. Our findings are not consistent with previous work (11, 34) that has shown significant myofiber atrophy in the SCI vs. AB muscle. For further insight into the distribution and variability of muscle fiber size, we analyzed the frequency distribution of fiber size in both groups. Intervals of 500 m 2 were defined, and the percentage of muscle fibers in each interval was determined for the IIa and IIax/IIx myofibers separately. We were surprised to find populations of extremely large myofibers (Ͼ8,000 m 2 ) in the SCI group. This apparent compensatory hypertrophy in subpopulations of type IIa and IIax/IIx myofibers cannot be explained but likely negated the ability to detect marked atrophy since there was generally a leftward shift in the myofiber size histograms (in SCI vs. AB) for myofibers (Ͻ8,000 m 2 ). The population of enlarged myofibers in SCI warrants further investigation. In conclusion, we found that individuals with long-standing SCI have heightened muscle inflammatory signaling and fibrosis, along with substantial myofiber size heterogeneity, compared with AB individuals. Our collective data suggest that the TWEAK-TWEAK R-NF-B signaling pathway may be an important mediator of the fibrotic adaptation in paralyzed muscle.
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